, "Optical fiber Bragg grating-instrumented silicone liner for interface pressure measurement within prosthetic sockets of lower-limb amputees," J. Biomed. Opt. Abstract. This paper presents a fiber Bragg grating (FBG)-instrumented prosthetic silicone liner that provides cushioning for the residual limb and can successfully measure interface pressures inside prosthetic sockets of lower-limb amputees in a simple and practical means of sensing. The liner is made of two silicone layers between which 12 FBG sensors were embedded at locations of clinical interest. The sensors were then calibrated using a custom calibration platform that mimics a real-life situation. Afterward, a custom gait simulating machine was built to test the liner performance during an amputee's simulated gait. To validate the findings, the results were compared to those obtained by the commonly used F-socket mats. As the statistical findings reveal, both pressure mapping methods measured the interface pressure in a consistent way, with no significant difference (P-values ≥ 0.05). This pressure mapping technique in the form of a prosthetic liner will allow prosthetics professionals to quickly and accurately create an overall picture of the interface pressure distribution inside sockets in research and clinical settings, thereby improving the socket fit and amputee's satisfaction.
Piezoresistive transducers, such as the F-socket system, are the only commercialized and most commonly used sensing technique for interface pressure measurements within prosthetic sockets. Engsberg et al. and Houston et al. were the first to investigate the interface pressure within below-knee sockets using such a technique. 1,2 They reported optimistic findings on the potential use of F-socket mats in clinical settings. The F-socket sensing mats showed flexibility, good sensitivity, and ease of use. 3 They, however, exhibited nonlinearity, hysteresis, drift, and susceptibility to electromagnetic interferences (EMIs), casting doubt on the research findings. 4 Furthermore, these mats may wrinkle and malfunction during experiments, thus affecting the measurement accuracy. 5 Other capacitiveand strain gauge-based techniques have also been proposed, which also exhibited several limitations that hampered their use in clinical settings. 6, 7 Therefore, it is deemed necessary to develop a new measurement technique based on the fiber Bragg grating (FBG) sensors that offers practical and reliable interface pressure measurement within prosthetic sockets with minimal limitations.
Recently, researchers introduced the optical FBG sensors as a potential alternative to the commercial F-socket system for pressure measurement at the residual limb-socket interface of below-knee prosthetic sockets. 8 The prominent advantages of this technology are linearity, high accuracy and sensitivity, small size, negligible drift, mutiplexability, and immunity to the EMIs. [9] [10] [11] Al-Fakih et al. implemented the first investigation into the potential use of FBG sensors in prosthetic applications. 12 A customized FBG sensor was fabricated, characterized, and tested in a below-knee socket, demonstrating very good sensitivity and acceptable hysteresis, i.e., satisfied the requirement of precise measurement of the pressure applied to the patella tendon bar region of below-knee prosthesis. The same researchers further studied the repeatability of FBG sensors and found that the pressure values remained quite consistent during 15 repeated gait cycles, implying that the FBG sensors yielded accurate and consistent signals with no drift. 8 This can possibly make them superior to the previous techniques. In addition, expandable FBG sensing pads were fabricated to measure interface pressures at eight subregions on the residual limb of an amputee, and the results were compared with F-socket mats for validation purposes, revealing that FBGs could successfully measure these interface pressures. However, higher pressure values were recorded by the FBG sensors compared with the F-socket mats, which was attributed to the thickness of the FBG sensing pads (3 mm) compared with the F-socket sensing mats (0.2 mm).
In this paper, we introduce an innovative, customized FBGinstrumented silicone liner that eliminates the previous limitations and provides a simple and practical means of sensing. It is designed to cushion the typical loads applied by the socket to the residual limb and functions as a real-time interface pressure sensing tool. This design is meant to be used repeatedly in clinical and research settings, which makes it superior to F-socket mats that are usually discarded after the first utilization due to drift and calibration issues.
2 Instrumented Silicone Liner Fabrication and Calibration
Mold Fabrication
A customized FBG-instrumented liner was fabricated using an inner solid mold and an outer shell so as to inject the silicone materials in between, thereby forming the intended prosthetic silicone liner. First, a gypsum cone-shaped positive cast was made to form the inner solid mold with a height of 42 cm and a radius of 5.25 cm at the proximal part, tapering to a radius of 3.75 cm at the distal end [ Fig. 1(a) ]. To maintain the required space between the inner mold and outer shell, a commercially available silicone liner was rolled over the inner mold, followed by an additional layer of stockinet [ Fig. 1(a) right]. This assembly was then mounted onto a vacuum holding jig. Subsequently, two 5-mm-thick polypropylene sheets, each of which constructed half of the outer shell, were heated up in the oven to a temperature of 140°C for about 15 min. Then, these two sheets were put together along the assembly to form a conical-shaped outer shell as shown in Fig. 1(b) left. The excess plastic was trimmed, and the vacuum was maintained during the whole process. The two shell halves were left in place until they completely cooled down. A few holes were drilled along the sides of the shells before disassembling it in order to put the two halves back together when fabricating the FBG-instrumented silicone liner [ Fig. 1(b) right].
Custom Fabrication of FBG-Instrumented Sensing Liner
The FBG-instrumented liner was made of two layers of silicone materials (inner and outer) with 12 FBG elements embedded in between. First, silicone with shore hardness-A 20 was evenly brushed directly over the surface of the inner gypsum mold to form a 1-mm-thick silicone layer [ Fig. 2(a) ]. A total of 12 FBG elements were placed in a special configuration over the inner silicone layer in locations of clinical interest, such as the proximal, middle, and distal regions of all four aspects (anterior, posterior, medial, and lateral) of the limb mold [ Fig. 2(b) ]. Beforehand, each of these FBGs was sandwiched between two thin layers of stockinet for utmost protection as shown in the inset of Fig. 2(b) . Then, these sensing pads were transversally attached over the surface of the inner silicone layer using special silicone glue. Subsequently, the outer layer was fabricated using the injection molding technique. This was performed by assembling the two halves of the outer shell over the first inner layer of silicone and FBG sensing pads [ Fig. 2(c) ]. Guidance grooves were carved out to keep the outer shell in place and to maintain the required space between the inner 
Sensing Liner Calibration
A custom experimental setup was prepared for the sensing liner calibration as shown in Fig. 3 . The sensing liner was calibrated in a way that mimics the actual environment of socket interface. A heavy-duty balloon with a 1-mm-thick wall was fabricated and then inserted into the sensing liner, which was, in turn, placed inside a conical-shaped hollow mold made especially for this setup as shown in Fig. 3 . The balloon was then connected to an air compressor using a PVC pipe that contained a pressure gauge to indicate the pressure supplied to the balloon. The fiber pigtail of each of the 12 FBG sensing elements was coupled into a broadband light source, and the shift in the reflected Bragg wavelengths was determined using a fiber Bragg grating analyzer (FBGA, Bayspec). The compressor applied ascending and descending air pressure into the balloon in five experimental trials with a dynamic range starting from 0 up to 30 kPa and then gradually decreasing down to 0 kPa. The resultant shifts in the Bragg wavelength of the 12 FBGs were recorded accordingly.
3 Below-Knee Prosthetic Device Development and Production
Artificial Residual Limb Fabrication
No subject participated in this study; therefore, attempts were made to mimic a real-life situation by making a replica of an amputee's residual limb. The actual residual limb contains bones (upper parts of tibia and fibula), muscles, and skin. Hence, a replica of the upper parts of the tibia and fibula bones was made from plastic polyester resin as shown in Fig. 4(a) . The muscles and skin were made of silicone with 20 and 10 shore A hardness, respectively. Figure 4(b) shows the final limb model.
Below-Knee Prosthetic Socket Fabrication
A total surface bearing (TSB) socket was fabricated for this experiment. The main steps in fabricating TSB sockets were as follows: first, a negative impression of the residual limb replica was taken using the plaster of Paris rolls. Second, the positive mold of the residual limb was developed from the negative cast. Third, the positive mold was modified to acquire the final shape of the socket. Finally, a 12-mm-thick polycarbonate plastic sheet was heated up in the oven to a temperature of 150°C for about 20 min and then draped over the positive mold and left for a couple of minutes to cool down. The excess plastic was trimmed, so the socket conformed to the intended residual limb shape.
Amputee Gait Simulating Machine
To test our sensing liner, a machine (patent pending) was designed and built to mimic the amputee's gait cycle. The prosthetic device fabricated in the previous steps can be suspended by an aluminum pylon that sways back and forth by a motor mounted onto the machine head (Fig. 5) . The prosthesis foot touches a sliding panel below, allowing a complete stance (heel strike, midstance, and toe-off) and swing phases of gait.
Experimental Setup and Procedures
To set up the prosthetic device on the gait simulating machine for the experiments, the FBG-instrumented liner was rolled over the artificial residual limb [ Fig. 5(a) ]. For comparison purposes, the commercially available F-socket mats were also employed for pressure measurements at the same sensing regions to simultaneously compare the results obtained using the two sensing techniques [ Fig. 5(b) ]. The F-socket mats were trimmed according to the contours of the residual limb and placed on the anterior, posterior, medial, and lateral aspects of the residual limb. Adhesive spray was used to keep the F-socket mats firmly onto the artificial residual limb to avoid displacement. Prior to this setup and experiments, the F-socket mats and FBG sensors were calibrated. The prosthetic device was then firmly suspended to the gait simulating machine. Figure 5 (c) shows the installation of the FBG-instrumented liner and F-socket mats in the prosthesis.
The pressure profile was determined as a function of the recorded wavelength shifts. Therefore, the pigtail of each FBG sensor was coupled into a broadband light source and the wavelength shifts that occurred due to the pressure applied during the gait cycle were recorded by the FBGA. A LabVIEW program capable of logging only the coordinates of the peak wavelengths of the reflected spectra at a sampling frequency of 50 Hz for each FBG was developed. Similarly, four F-socket mats were installed over the FBG-instrumented liner covering all the socket aspects, and their ends were connected to the Tekscan system [ Fig. 5(d) ].
Once the gait simulating machine was turned on, the FBGA device determined the backreflected wavelengths in real-time. Simultaneously, the Tekscan system recorded the pressure applied to the socket by the residual limb replica to create an overall picture of the interface pressure distribution in the below-knee socket.
Results

Liner Characterization
Following the preparation of the custom experimental setup for the calibration, the 12 FBG sensors were coupled into a light source and the shifts in the backreflected Bragg wavelength were recorded using the FBGA device. Since each FBG sensor was subjected to ascending and descending air pressure in five experimental trials, the obtained five calibration curves were averaged and the standard deviations were calculated to interpret the sensor behavior. Figure 6 shows the calibration curves and standard deviations of all 12 FBG sensing elements with regression lines. From the regression lines, the calibration equations can be simply obtained and the sensors' sensitivity can be calculated. Table 1 shifts in the backreflected wavelengths and the applied pressures, which is in agreement with the mechanical and optical properties of FBGs. 8 
Interface Pressure Profile Using the Two Measurement Techniques
The interface peak pressures measured with the newly developed FBG sensing liner were compared with the results of pressure profile during gait simulation by the commonly used Fsocket sensing mats. Statistical analysis in the form of a t-test was applied to the data obtained from 10 cycles of gait simulation by the gait simulating machine. The mean peak pressures for various regions of the residual limb were compared, and P values were more than 0.05 ( Table 2 ), meaning that both mapping methods measured the pressure in a consistent way and with no significant difference. The bar chart in Fig. 7 shows the mean peak pressure values at the four major aspects of the residual limb during the stance phase of gait. The peak pressure patterns recorded by the FBG sensing liner and F-socket mats over all 12 subregions of the residual limb during a complete gait cycle (stance and swing phases) are shown in Fig. 8 . The results show that the new sensing liner is reliable for measuring pressures within the prosthesis socket.
Discussion
Several researchers have assessed the validity and reliability of F-socket transducers for prosthetic use in a clinical environment. [13] [14] [15] Hachisuka et al. studied the performance of Tekscan pressure transducers when subjected to rapid and repetitive movements and reported sensor drift, hysteresis, and temperature sensitivity.
14 For accuracy purposes, it is recommended that the transducers be equilibrated a few days before the experiments. 16 This process reduced the amount of drift that may occur in the transducers before they were used. Hysteresis, repeatability, and accuracy are therefore key issues. On the other hand, FBG sensors have shown excellent linearity, repeatability, accuracy, negligible drift, and acceptable hysteresis error. 5 As the statistical findings reveal, the FBG can offer the same sensitivity and accuracy as the F-socket sensors, while solving the problems of drift and nonlinearity.
As Fig. 8 shows, during the stance phase of gait, the FBG sensing liner exhibits more linear results than the F-socket, which is obvious from the smooth curves. Since F-socket mats are resistive, their response is nonlinear, even though over a small range it seems almost linear. 17 Moreover, what makes FBG sensors superior to the F-socket is that the newly developed FBG-instrumented liner could be used repeatedly during experiments on amputee subjects, without significant effect on the measurement accuracy. From our experience, the F-socket mats are only used once per experiment per subject as they crease and some sensors may fail, making them unusable for repeated applications. As the FBG technique was developed and designed in the form of a prosthetic liner, the amputee can easily and quickly wear it during the experiment. The FBG sensor at the anterior distal region failed during the experiments, thus no data at that subregion was recorded and P-value cannot be calculated. Another advantage of the FBG-instrumented liner as compared to the F-socket mats is that it is possible to monitor and measure pressures all over the residual limb, while each F-socket mat has a certain size of 20.3 cm × 7.6 cm. Thereby, it might not be enough to cover the whole residual limb for amputees with a larger circumference of the residual limb. Researchers, therefore, use four F-socket mats simultaneously, which affects the cost. However, FBG-instrumented liners, once mass produced in different sizes, can cover the whole residual limb and conform well to its surface, which sometimes has an irregular shape. Also, in the future, it will be possible to enhance the hardware system of FBG sensors in a way to monitor socket pressure during amputee's daily activities, not only in the laboratory.
Conclusions
The study findings suggest that the FBG-instrumented silicone liner can be used successfully as an alternative measurement means for interface pressure within the prosthetic socket. The main advantages are the lower cost of application, higher flexibility and conformity to the residual limb, less or no drift, and negligible hysteresis; additionally, repeated loading is possible without affecting the data. The comparison to the popular F-socket mats reveals good reliability and repeatability of pressure measurements. These findings indicate that FBG sensors are worth being explored more in clinical settings to further validate their merits.
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